An application of a novel steady-state simulation of a monovalent inverter-driven water-towater heat pump with a desuperheater is presented. The simulation is capable of modeling and managing the different operation modes of the system such as combined space heating and domestic hot water, in order to provide realistic results, from which four control schemes based on two electricity tariff plans were developed. The schemes were tested on a subject low energy house for Tokyo and Sapporo, in Japan, for the coldest day of the year and for the heating season. Emphasis was given to the short-term domestic hot water storage. The results show that the application of the schemes with a flexible electricity tariff had lower cost over the scheme that used the flat rate pricing plan. Moreover, it was shown that no unique scheme was able to minimize the cost and electrical consumption for both locations. Additionally, a tradeoff between lowest cost and lowest energy consumption was identified for Sapporo. The results of this research could be applied to develop a more robust control on monovalent heat pump systems. 
Introduction
Ground source heat pumps (GSHPs) are one the most recognized technologies by which the underground thermal energy storage (UTES) is realizable. GSHP systems use a small amount of electricity to extract large amounts of heat from the ground when heating of the human habitat is needed, and to store the excess thermal energy into the ground when cooling, on a cyclic basis. They constitute a very attractive solution for space heating (SH), space cooling (SC), and domestic hot water (DHW) in the residential sector, in particular for low energy houses [1] . However, the dissemination of the technology is very limited, and it is still under-used in the world [2] . The slow growth with respect to other renewable technologies can be attributed to non-standard system designs, high investment cost, limited number of knowledgeable people, and limited government policies [3] . As a consequence, recent research efforts to increase the expansion of
GSHPs have been directed to develop new systems which can work from a combination of various heat sources such as ground and air [4] or ground and solar radiation [5] ; or which provide a combination of various functions in a single machine, such as cooling and DHW [6] , heating, DHW and simultaneous cooling and DHW [7] or heating and DHW [8] . This is the case of the multi-function monovalent inverterdriven water-to-water heat pump with a desuperheater, recently developed and characterized against variable climate and control conditions by the authors [9] . Moreover, the widespread adoption of GSHP systems can be stimulated by the development of prediction software tools capable of quickly providing results by which comparison with traditional solutions is possible.
Three main simulation blocks can be identified to accurately reflect the performance of a GSHP system of a low energy house as depicted in Research in the literature, has concentrated in the first two blocks. Determination of the heating demand for homes is a subject extensively studied. Standard models and calculation methods [10, 11] , new methodologies that take into account the thermal comfort [12, 13] , and experimental evaluation of case studies [14] are available. With regard to the ground simulation block, recently theoretical and numerical models have been developed for both the vertical borehole [15] [16] [17] and the horizontal loop/slinky [18, 19] heat exchangers. However, the heat pump block has not been accurately addressed. Instead, equation-fitted models based on experimental results have been traditionally used on developed simulations which integrate the three blocks [20] . Two problems are identified with this approach. The first one is the limitation of applicability of equation-fitted models. If real climate conditions vary out of the range of application, the global simulation can give unreliable results. The second problem is that equations-fit models do not consider control parameters of the machine. Consequently, no evaluation on the control methodology of the GSHPs can be performed. This paper will examine the application of a recently developed performance-oriented simulation in which control schemes of a monovalent inverter-driven water-to-water heat pump with a desuperheater can be evaluated. Special emphasis will be given to the heat pump block. In particular, the short term energy storage for DHW will be examined for a simple low energy house during heating season for two Japanese geographical conditions. Four control schemes for the production of DHW are proposed according to two tariff plans, from which comparison of performance between each strategy will be possible.
Operation of the monovalent inverter-driven water-to-water heat pump with a desuperheater
The monovalent heat pump presented uses an inverter-driven compressor and an electronic expansion valve to adjust its condensation and evaporation temperatures to constantly meet variable load conditions according to the thermal demand of a low energy house. Its component scheme is shown in Fig. 2 is turned off and B DHW is turned on. When both services are demanded (mode 3), both pumps operate. The four-way valve in the heat pump is reversed for cooling mode, as shown in Fig. 2b . The three way valves in the secondary side are configured to service the fan coil unit which extracts heat of the house when B II is operated. This heat can be stored it in the ground (mode 4), heat the DHW (mode 5) or do both at the same time (mode 6).
Simulation development

Simulation environment of the monovalent inverter-driven water-to-water heat pump with a desuperheater
A unique steady-state vapor compression refrigeration cycle simulation for a monovalent inverter-driven water-to-water heat pump with a desuperheater was recently developed by the authors [21] . The program, which was validated by comparison of simulated and experimental results on a constructed prototype machine, was based on the geometrical and thermodynamic characteristics of each main component of the heat pump shown in Fig. 2 . Fast adaptive models were developed for the heat exchangers while block models were used for the compressor and expansion valves. A multivariable error minimization algorithm was used to obtain convergence. With it, the space heating or cooling capacities, domestic hot water generation heat transfer and compressor power can be determined according to the set climate conditions and the user-specified control parameters of the system. The simulation is performance-oriented, meaning that no thermodynamic assumptions are made besides the existence of a superheating degree at the compressor input, so that the simulation can be presented to the user as a black-box, exactly as would happen in a real machine. Additionally, the different operation modes can be simulated.
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Simulated operation maps of the highest COP according to the target climate conditions shown in Table 2 were developed for each heating operation mode. Spline-fit interpolation of the results for each interest performance parameter in modes 1 and 3 are shown in Fig. 3 and 4. Using these maps, the performance of the heat pump can be understood. If the system works in mode 1, the operation frequency can be determined from Fig. 3b in order to match a fixed heating demand for a specific ground temperature condition. From the frequency and ground inlet temperature, the COP, Q e and W el can be determined from Figs. 3a, 3c and 3d.
A similar procedure can be applied working in mode 3 by using Fig. 4 . Although spline-fit extrapolation outside the target region is possible, it is preferable to extend the mapping by using the simulation until the entire region is covered, and then construct the interpolation. In this way, it is maintained the validity of the simulation results.
Subject low energy house and simulation conditions
A single room detached low energy house was analyzed during heating season for the Japanese cities of Sapporo (average temperature 8.6°C, 2,638°C·day) and Tokyo (15.6°C, 900°C·day). Table 3 presents the main characteristics of the subject low-energy house. Several assumptions have to be made. While it is well known among HVAC designers that there a range of temperatures in which comfort is established for each season, for this case the interior temperature was kept at a constant temperature of 21 °C. Additionally, analysis steps of one hour were assumed. As a consequence, steady state could be assumed; therefore the heat balance in the house can be simplified as shown in Eq. (1):
where Q house represents the heat loss of the house:
The heat transfer in each surface is calculated from Eq. 
The pattern for internal generation was assumed to be the same for every day, and was taken based on the International Energy Agency (IEA) Heat pump Program's Annex 32 [1] . Although the simulation can model a variable ground inlet temperature T e1 , as shown in Figs. 3 and 4, in this research this temperature was assumed to be 0°C for Sapporo and 5°C for Tokyo. Additionally, the ventilation rate was assumed to be 0.5 air volume per hour. DHW is stored at 65°C in a tank with maximum capacity of 460 liters. The DHW consumption temperature is taken as 42 °C by mixing the water coming from the tank with tap water.
Outdoor temperature, solar radiation and tap water temperature were taken from the Expanded Amedas Weather Data [22] .
Two electricity pricing plans were examined. In order to reduce the peak city demand of electricity, utility companies in Japan and other countries recently started to offer selective pricing plans according to the time of usage. The e-time 3 plan offered by Hokkaido Electric Power Co., Inc [23] was selected for comparison.
In this plan, pricing is divided in three. Between 10 pm and 8 am is the lowest fare (0.07 EUR kWh), and between 1 pm and 6 pm is the highest fare (0.30 EUR kWh). In between hours, a price of 0.23 EUR kWh is charged. Additionally, the flat-rate plan was examined with a tariff of 0.18 EUR kWh.
Short term energy storage control schemes
Taking advantage of the pricing plans, four operation schemes of the compact heat pump with a desuperheater were explored for the control of the short-term DHW storage tank, as depicted in Fig. 5 .
 Scheme 1: (e-time 3 tariff) DHW is produced as a by-product of SH: The heat pump operates in mode 3 only when SH is required. When the DHW requirement is met for the day, the heat pump switches to mode 1. The heat pump is operated at the highest COP for the particular climate Prepared by David Blanco, Katsunori Nagano and Masahiro Morimoto 8
conditions. If the DHW demand cannot be met, an electric heater with efficiency of 0.97 is used to cope with the remaining demand.
 Scheme 2: (e-time 3 tariff) DHW is produced as a by-product of SH only during the lowest night tariff hours: The heat pump works in mode 1 during the day and switches to mode 3 during the night.
When the DHW requirement is met, the heat pump switches to mode 1. The heat pump is operated at the highest COP for the particular climate conditions. If the DHW demand cannot be met, the electric heater is used as in scheme 1.
 Scheme 3: (e-time 3 tariff) DHW production is managed during the night according to the settled DHW requirements and consumption pattern established. When the DHW requirements are met, it switches to mode 1. When no SH requirements are needed it switches to mode 2 until the DHW demand is met. The heat pump is operated at the highest COP for the particular climate conditions;
however, it may happen that in those conditions the DHW demand cannot be met. In such a case, the heat pump uses its variable load capacities to adjust the control parameters in order to cover the necessary demand. This will be made clear in section 3.4 In this case, the machine does not operate at the highest COP.
 Scheme 4: (flat-rate tariff) The characteristics of the control are the same as for Scheme 3, except that DHW production is managed during all the day
The algorithms are depicted in Fig. 6 in which each scheme can be easily followed.
Mode 3 control adjustment algorithm
Notice that the operation maps are constructed by identifying the highest COP for each climate condition. This is the traditional operation when only one service, either SH or DHW, is needed. However, when both services are demanded, there are two options. The first one is to operate the machine to cover the SH demand at the highest COP, and produce DHW as a by-product, as in schemes 1 and 2. But in this case, there is no knowledge of the amount of DHW produced. In fact, there is no certainty that the produced Prepared by David Blanco, Katsunori Nagano and Masahiro Morimoto 9 DHW will cover the demand, and electric heaters need to be utilized to account for missing DHW. This operation mechanism is used for Schemes 1 and 2.
The second option is to fulfil simultaneously both the SH and the DHW demand. While the SH demand can be calculated according to the target low energy house, the DHW has to be taken from specific conditions depending on the geographic locations and cultural customs. The Japanese DHW consumption pattern was taken from Yamamoto et al. [24] , and applied for this study. The average DHW demand for a day per year can be observed in Fig. 7 . Using this pattern, the necessary average daily amount of DHW produced can be calculated. The total DHW needed for a day j is given by Eq. (5):
where G d is the average consumption rate per hour at the target storage temperature T d2 . For a given time t inside the low tariff hours, two volumes are defined to keep track of the DHW that has been produced as shown by Eq. (6):
When peak demand occurs, there is a risk of running out of DHW. To avoid this, the DHW demand should consider not only to fill the tank at T d2 within the time frame selected (low tariff hours for scheme 3, while 24 hours for scheme 4), but to be able to supply the necessary DHW for the following determined time period. According to this, the minimum heating demand is given by Eq. (7):
The first component in the right side of Eq. (7) represents the minimum DHW demand for the next hour, while the second component represents the remaining minimum DHW demand to cover entirely the requirements for day j. Therefore the heat pump should be able to cope with the SH demand Q SH , and the determined DHW demand Q dmin for that particular time.
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For operation mode 3, the relationship between Q c and Q d can be plotted for each frequency as shown experimentally in Fig. 8a. Fig 8b shows the possible situation found when Q dmin is higher than the provided Q d at the highest COP. In order to fulfill both services, the inverter-driven compressor must increase its operation frequency and close the expansion valve step to increase the condensation temperature and shift some of Q t to Q d . By doing so, the COP is reduced, but both of the services are fulfilled. A root finding algorithm [25] is applied to find the working frequency at which both services can be fulfilled. From this frequency, the other parameters can be derived. The control algorithm is presented in Fig. 9 .
Results and discussion
The heat pump simulation platform was programmed in EES software, while Matlab was used for the thermal analysis of each scenario. This section will first present the results of the simulation for the coldest day of the year for each location and for each control scheme. Then, a long term examination for the heating period of the year for both locations will be discussed.
Coldest day examination
The SH and DHW demands were calculated for the target house during an entire year. The information from the coldest day was extracted, and it is shown in the stacked column Fig. 10 . The total SH demand was of 145.2 and 83.2 kWh for Sapporo and Tokyo, respectively. The target amount of DHW at 42°C for both locations was of 405 L.
Scheme 1
Scheme 1 was run for the examined period, and its results are plotted in Fig. 11 . It is observed that the system can fulfill the SH demand for both locations, and that the COP of the system stays within 3 and 5 for both locations. Additionally, it is evident that that the heating demand is much higher for Sapporo, which has a climate very similar to central Europe or southeast Canadian climates. Having a higher heating output
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and operating the machine in mode 3 yields also a higher DHW output. As a result, the DHW thermal requirements can be met for Sapporo, without need to produce DHW the whole day to cope with the DHW demand. This is not the case for Tokyo, where the backup electrical heater needs to be used, despite of producing DHW during the complete day. The situation in the DHW tank reflects the above effect. The peak storage of DHW reaches the 200 L and 120 L in Sapporo and Tokyo respectively. The lower temperature of the tap water in Sapporo influences the peak storage of DHW, as an additional amount of hot water stored is needed when the tap water temperature is reduced.
Scheme 2
Because of the high SH demand, the system exhibits a similar behavior using scheme 2 to the one obtained for scheme 1 in the case of Sapporo, as shown in Fig. 12 . However, the condition of producing DHW only during the low tariff hours impacts directly the production of DHW in Tokyo. Despite of having a high COP, the electrical heater has to be used during most of the night hours in order to cope with the DHW demand, at a relatively high power. It is also observed that the tank size needs to be incremented for both locations, reaching 234 L for Sapporo and 193 L for Tokyo (using the backup heater).
Scheme 3
Scheme 3 shows a slightly different performance for Sapporo than in the previous schemes, as shown in Fig.   13 . However, the COP drops, as expected, when the control adjustment is applied. This effect is even more dramatic for Tokyo, where the COP varies from as much as 4.3 to as low as 2.21. What is more interesting is that by applying this control, the totality of DHW can be covered in both locations. This eliminates completely the need of the electrical heater. However, as the system operates at a lower performance, a higher electrical consumption might happen. The peak storage of DHW is of 224 and 193 L for Sapporo and Tokyo, respectively.
Scheme 4
Scheme 4 liberates the restriction of producing DHW during the low tariff hours; however in the case of Sapporo almost the entire demand of DHW can be covered during the nighttime, as observed in Fig. 14 . The COP is in this case slightly higher than in the scheme 3. In Tokyo, the control adjustment permits to cope with the DHW demand at a lower heating output of the system during three fourths of the day. It is interesting the shift of the peak DHW storage hours. The shift is markedly visible for Tokyo, where the DHW demand is covered only until 6 pm. For this scheme, the maximum storage occurs at 252 and 207 L for Sapporo and Tokyo, respectively.
Comparison of schemes
The performance variables of these four schemes was gathered and organized in Table 4 . For Sapporo, schemes 1 and 3 provide the lowest cost. However, scheme 1 presents a slightly lower electrical consumption. As a consequence, there is a tradeoff between these two desirable conditions. Either the system works at the lowest cost or the lowest electrical consumption. Additionally, scheme 2 has the highest electrical consumption among the four, and produces DHW in excess. Despite of this, it is cheaper than scheme 4, which confirms the advantage of the control by using the e-time 3 tariff plan over the flat-rate one.
Finally, it is observed that the average COP does not vary greatly between the four schemes.
In the case of Tokyo the same phenomenon occurs: schemes 1 and 3 provide the lowest cost, despite of using the backup heater in scheme 1. However, both schemes practically show the same electrical consumption. In this case, it is scheme 4 who positions itself with the lowest electrical consumption.
Unfortunately, it also has the highest cost, being almost the same as the cost of scheme 2, which also makes use of the backup heater. The tradeoff between the lowest cost and the lowest electrical consumption is Prepared by David Blanco, Katsunori Nagano and Masahiro Morimoto 13 maintained. Without considering the backup heaters, the average COP shows little variation among the schemes.
Seasonal examination
The analysis during the heating season for both locations is presented in Table 5 . Scheme 3 shows for Sapporo the lowest cost, being slightly inferior to scheme 1. This shows a better management of low demand over the other schemes. It is observed that scheme 1 uses the backup heater. This obeys the fact that when the temperature gets warmer, less DHW is produced, and not all of the DHW can be fulfilled. On the other hand modes 3 and 4, which incorporate the control adjustment algorithm, don't make use of it and are able to meet both thermal demands simultaneously. Regarding the lowest electrical consumption, modes 1 and 4 practically have the same performance. Scheme 2 shows the highest cost and highest electrical consumption, evidencing the need of a better control strategy.
In Tokyo, scheme 1 clearly shows the lowest cost and lowest electrical consumption among the four schemes. This follows the fact that at the examined conditions, the matching of the system with the demand is almost perfect, and it can cover almost entirely the production of DHW at a higher COP. As a consequence, on the long run it outperforms the other schemes through the advantage of the flexible pricing plan. It comes as no surprise that the second lowest cost is achieved by scheme 3, which takes full advantage of the pricing plan. As a consequence, it has a larger electrical consumption than scheme 4, which is second in electrical consumption. As in the case of Sapporo, scheme 2 has the highest cost and highest electrical consumption.
The previous results manifest three important characteristics.
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 First, producing DHW as a by-product of SH only during the night hours, as in scheme 2, has the worst performance in terms of management of the resources. During the coldest day DHW is produced in excess for Sapporo while it is not enough for Tokyo. During the seasonal analysis, more than half of the DHW has to be produced for both locations using the backup heater, resulting in its high price.
 Second, the control schemes taking advantage of the flexible tariff plan exhibit lower cost to the end user, although it might not always provide the lowest electrical consumption. In Sapporo, scheme 3
showed the lowest seasonal cost while for Tokyo it was scheme 1.
 Third, among the schemes analyzed it is not possible to have for Sapporo the lowest electrical consumption and lowest cost at the same time. This was possible for Tokyo by choosing scheme 1.
The importance of an appropriate control on monovalent heat pump systems is clearly evidenced from the previous analyses. Moreover, on any xTES developed, control development and its simulation should provide ultimately insight into the real performance of the technology.
Conclusions
A new simulation on a monovalent inverter-driven water-to-water heat pump with a desuperheater has been successfully applied to a subject low energy house during a Japanese representative heating season. The simulation permits to develop control schemes according to the operation modes of the system, in order to compare desired performance parameters, showing great flexibility.
Four operation schemes of the system were evaluated. In the first scheme, DHW was produced at the highest COP only when SH was necessary. In the second one, DHW was produced at the highest COP during the period of lowest electricity cost, only when SH was necessary. In the third scheme, both SH and DHW are managed by use of the control parameters, not necessarily at the highest COP. DHW is produced only during the lowest tariff hours. The fourth scheme is the same as the third one, except DHW is produced Prepared by David Blanco, Katsunori Nagano and Masahiro Morimoto 15 according to the DHW demand during the whole day. The first three schemes used a flexible electricity tariff while a plain tariff was applied to the fourth one.
Several interesting conclusions were extracted from the study as follows.
1. It was demonstrated through the seasonal and daily analyses that the inverter-driven compressor and expansion valve control enables to manage the thermal load continuously, without using electrical backup heaters, as in schemes 3 and 4.
2. However, due to the specific thermal demands of each site, no unique control scheme is suited for both geographical locations. As a consequence the final control installed on a system should be flexible in order to adapt to the thermal demand of that particular site.
3. The size of the short term DHW storage tank is determined by each operation scheme according to the specific thermal demand conditions. 4. Scheme 2 showed the worst economic and energetic performance, due to the absence of any DHW management control, and the limited time to produce DHW.
5. Schemes 1 and 3, which used the flexible tariff plan, have a lower cost, although they might not always provide the lowest electrical consumption. In particular, for the case of Sapporo a tradeoff was observed between these two desirable conditions. Scheme 3 showed the lowest cost while scheme 1 exhibited the lowest electrical consumption.
Through this study, the importance of simulation and control to properly manage any xTES is evidenced.
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